Abstract: Biological fluid-based noninvasive biomarker assays for monitoring and diagnosing disease are clinically powerful. A major technical hurdle for developing these assays is the requirement of high analytical sensitivity so that biomarkers present at very low levels can be consistently detected. In the case of biological fluid-based cancer diagnostic assays, sensitivities similar to those of tissue-based assays are difficult to achieve with DNA markers due to the high abundance of normal DNA background present in the sample. Here we describe a new urine-based assay that uses ultradeep sequencing technology to detect single mutant molecules of fibroblast growth factor receptor 3 (FGFR3) DNA that are indicative of bladder cancer. Detection of FGFR3 mutations in urine would provide clinicians with a noninvasive means of diagnosing early-stage bladder cancer. The single-molecule assay detects FGFR3 mutant DNA when present at as low as 0.02% of total urine DNA and results in 91% concordance with the frequency that FGFR3 mutations are detected in bladder cancer tumors, significantly improving diagnostic performance. To our knowledge, this is the first practical application of next-generation sequencing technology for noninvasive cancer diagnostics.
Introduction
Bladder cancer is the seventh leading cause of death in the United States, with approximately 70,000 new cases diagnosed each year. 1 Although the vast majority of patients with bladder cancer present with low-grade, noninvasive neoplasia (approximately 70%), recurrence rates for bladder cancer are the highest of any malignancy, and recurrence or progression of the disease is observed in a large percentage of patients. Traditional standard-of-care screening of symptomatic patients, such as those presenting with blood in the urine (hematuria) typically includes cystoscopy, as does surveillance for recurrence of bladder cancer. Noninvasive assays for bladder and other cancers have the potential to improve patient management by reducing discomfort associated with invasive procedures and by the early identification of patients who have a high likelihood of cancer and should receive accelerated intervention.
Activating mutations in FGFR3 occur in approximately 50% of all bladder cancers and at higher frequencies in tumors of low-grade and low stage (approximately 60%-70%). [2] [3] [4] [5] There are nine common FGFR3 mutations associated with bladder cancer that are located in three exons, ie, exons 7, 10, and 15, with the exon 7 (S249C) mutation being the most prevalent (about 62%). 2, 4, 6, 7 Therefore, a urine-based noninvasive assay which included FGFR3 mutation detection would significantly increase the detection of early-stage bladder cancer.
Currently, the most clinically sensitive assays for bladder cancer are based on direct molecular analysis of tumor tissue. Due to the high representativeness of tumor cells present within tissue samples, it is not necessary for these tissue-based assays to have high analytical sensitivity, whereas urine DNA is made up predominantly of normal urothelial DNA, thus requiring a significant increase in analytical sensitivity in order to detect the presence of mutations associated with bladder cancer. Our group and others have developed polymerase chain reaction (PCR)-based assays to detect FGFR3 mutations in the urine of bladder cancer patients. 8, 9 However, these urine-based assays have been limited by the technical ability to detect rare events in a dilute medium where there is a high background of normal DNA. In these assays, FGFR3 mutations are generally found in about 30% of the urine samples, which is ,50% concordance with the expected detection in tissue. 8, 9 Others have demonstrated that multiple redundant sampling from a single patient may increase the probability of a positive result. 9 Although this approach can successfully increase sensitivity, it is not applicable to a commercial setting.
Our goal was to develop an assay that could detect very low levels of FGFR3 mutant DNA in a single urine sample. Here, we describe an ultradeep amplicon sequencing technique that increases FGFR3 mutation detection in urine to .50%, close to the expected detection rate if every mutation found in tissue could be detected in urine.
Materials and methods Samples
Urine samples were collected from various academic institutions and urology practices. All participating sites received approval from the appropriate institutional review board and subjects gave their informed consent. All patients in this study had bladder cancer or were undergoing routine evaluation for bladder cancer based on a finding of hematuria (blood in the urine). Of these, bladder cancer was confirmed by pathology in 43 patients, while 24 were found to be negative for cancer by cystoscopy (hematuria+/cystoscopy-). No additional clinical information was used in this study. Urine samples were stabilized with 25 mM ethylenediamine tetra-acetic acid, aliquoted, and stored at -80°C. Matching formalin-fixed, paraffinembedded (FFPE) tumor tissue was available for 19 of the patients in this study. An additional 149 FFPE bladder cancer tissue samples were purchased from external sources (Folio Biosciences, Powell, OH; Indivumed, Hamburg, Germany; Erasmus MC, Rotterdam, The Netherlands), and were used to determine the clinical performance of the FGFR3 quantitative PCR assay in tissue.
DnA isolation from urine DNA isolation was performed using the QIAamp MinElute virus vacuum kit (Qiagen, Valencia, CA) with the following modifications: Qiagen protease (200 µL) was added to each sample (4 mL of urine), followed by AL lysis buffer (4 mL). Following incubation at 56°C for 20 minutes, 5 mL of 100% molecular biology grade ethanol (Sigma, St Louis, MO) was added, and samples were incubated at room temperature for 5 minutes. Samples were serially loaded onto columns in a vacuum manifold and the columns were washed with 600 µL of AW1, AW2, and 100% ethanol. DNA was eluted in 150 µL of water and stored at -20°C until analysis. All samples contained a minimum of 50 ng of purified DNA. For samples analyzed by sequencing, all eluted DNA was lyophilized using a Savant AES1010 vacuum concentrator (Thermo Fisher Scientific, Waltham, MA), and resuspended in 20 µL water prior to PCR amplification.
DnA isolation from tissue
Three 5 µm sections of FFPE bladder cancer tumor tissue were pooled and DNA was isolated using a QIAamp DNA FFPE tissue kit (Qiagen) with the following modifications. During deparaffinization, the centrifugation step was increased to 10 minutes after treatment with xylene and subsequent 100% ethanol washes. In addition, samples were incubated with proteinase K for 16 hours prior to further processing to ensure complete digestion of tissue. DNA samples were then processed according to the manufacturer's recommendations, and the DNA was eluted in 80 µL of ATE buffer (Qiagen).
Primary FGFR3 PCR assay
Multiplex primary PCR of genomic DNA samples was carried out using chimeric oligonucleotide primers containing 18-22 nucleotides specific for human FGFR3 (exons 7, 10, and 15), as well as a 22-nucleotide universal priming sequence that simplifies the multiplexing process. Fluorescent oligonucleotide probes specific for each exon were also included to permit quantitation of each exon. Oligonucleotide primers and fluorescently labeled probes were designed using the Oligo 7.0 program (MBI Inc, Cascade, CO) and synthesized by Integrated DNA Technologies Inc (Coralville, IA).
Primary PCR amplification was performed using a LightCycler 480 II (Roche, Indianapolis, IN) using standard conditions (95°C for 10 minutes, followed by 50 cycles of 95°C for 10 seconds, 65°C for 30 seconds, and 72°C for 10 seconds). FastStart Taq polymerase, dNTP mix, and reaction buffers were from Roche Applied Science. Primer, probe, submit your manuscript | www.dovepress.com
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and enzyme concentrations were optimized independently for DNA derived from urine and FFPE tissue sections. 20 µL of each DNA sample was used as a template for the reaction. After the initial PCR, samples were treated with ExoSAP-IT (Affymetrix/USB Santa Clara, CA) according to the manufacturer's protocol, to remove unincorporated nucleotides and primers and dual-labeled probes prior to using the mutation detection method described below.
Real-time quantitative PCR with locked nucleic acid-blocking oligonucleotides FGFR3 mutations were detected utilizing PCR-clamping methodology. Wild-type blocking oligonucleotides containing locked nucleic acid bases surrounding known mutation sites were included along with real-time PCR primers and dual-labeled fluorescent probes. All oligonucleotide primers and fluorescent probes were synthesized by Integrated DNA Technologies Inc. Locked nucleic acid-containing oligonucleotides were obtained from Exiqon, Inc (Woburn, MA). Duplex real-time PCR reactions were designed to detect eight known FGFR3 mutations. Reaction 1 contained primers, probes, and locked nucleic acid-blocking oligonucleotides to detect two exon 7 mutations (R248C and S249C), and one exon 10 mutation (Y375C). Reaction 2 was similarly designed to detect one exon 10 mutation (G372C), and four exon 15 mutations (K652M, K652T, K652E, and K652Q).
Prior to mutation detection PCR, templates for reactions 1 and 2 were diluted 1:10,000 and 1:5000 in H 2 O, respectively. All real-time mutation detection PCRs were carried out using the LightCycler 480II instrument. FastStart Taq polymerase, dNTP mix, and reaction buffers were from Roche Applied Science. Duplex real-time PCR reactions, with and without locked nucleic acid-blocking oligonucleotides, were assembled in duplicate for each amplification. Each reaction also contained 5 µL of diluted primary PCR product in a final volume of 50 µL. PCR reactions with locked nucleic acidblocking oligonucleotides contained a final concentration of 4 µM (exon 7), 4 µM (exon 10, G372C), 7 µM (exon 10, Y375C), and 20 µM (exon 15). All samples for each duplex mutation detection reaction (with and without locked nucleic acid-blocking oligonucleotides) were amplified in a single 96-well PCR plate, with the same PCR conditions of 95°C for 10 minutes, followed by 50 cycles of 95°C for 10 seconds, and 60°C for 30 seconds, and 72°C for 10 seconds.
Positive control plasmids were designed to incorporate the region of the mutation, as well as flanking sequences to facilitate amplification of the positive control plasmid during the primary PCR step described above. Each positive control plasmid contained a single nucleotide change, confirmed by sequencing. All plasmids were synthesized by GENEART AG (Regensburg, Germany). Copy number was determined using standard methods, and plasmids were diluted with human genomic DNA accordingly to achieve the desired final concentration of 1%. Each PCR plate contained a negative mutation control (human genomic DNA) and a representative positive mutation control (1% mutant DNA in a background of normal human genomic DNA) for each exon tested. Data analysis was carried out using the advanced relative quantitation module in the LightCycler software package (v1.5), using the negative mutation controls amplified in the presence and absence of locked nucleic acid-blocking oligonucleotides as target/reference calibrators, respectively. A ratio between these two amplification curves was determined, giving a normalized value of 1.0. All other samples in a given assay were compared with this calibrator control, and assigned a normalized ratio. Any samples with a normalized ratio above established cutoffs were reviewed to determine if the sample was positive for a mutation.
Ultradeep amplicon sequencing: initial PCR amplification
Control human genomic DNA (Promega, Madison, WI) or DNA isolated from urine (as described above) was amplified using chimeric primers containing sequences specific for FGFR3 exons 7, 10, and 15. The sequence-specific portion of these primers was identical to that used in the FGFR3 quantitative PCR assay described above. In addition, these primers contain specific adapters for unidirectional sequencing on the Roche GS Junior platform, including a four base pair library key, and a 10 base pair barcode sequence used to permit analysis of multiple samples per sequencing run. The PCR reaction was performed using the LightCycler 480 with the conditions outlined for the primary PCR amplification in the FGFR3 quantitative PCR assay as detailed above.
After the initial PCR amplification, amplicons were purified with AMPure XP magnetic beads (Beckman Coulter, Brea, CA) according to the manufacturer's instructions. The purified amplicons were quantitated using a Nanodrop 2000 ultraviolet spectrophotometer (Thermo Fisher Scientific), and the copy number was calculated based on the average length of the PCR products in each multiplex amplification using standard techniques. Each sample was diluted to 1 × 10 9 copies/µL, pooled with the appropriate number of additional samples, and diluted to a final working concentration of 1 × 10 6 per µL. This stock was then used as a template for an emulsion PCR using the GS Junior Titanium emPCR submit your manuscript | www.dovepress.com
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Lib-L kit (Roche 454), which was carried out according to the manufacturer's directions for sequencing amplicon libraries, with three modifications. First, the ratio of DNA to beads was modified to 1:1, the amount of AMP primer was decreased to 10 µL, and the template was incubated at 95°C for 2 minutes and then kept at 4°C for 10 minutes prior to DNA binding to capture beads. After emulsion PCR, the DNA-containing beads were enriched, and prepared for sequencing. All steps in the sequencing portion of the assay were performed as suggested by the manufacturer, using the GS Junior Titanium Sequencing Kit (Roche 454). The presence of mutations in exon 7, 10, and 15 was determined using the AVA software package (Roche 454).
Several thresholds were applied to the data to determine if a sample contained a mutation in FGFR3 exons 7, 10, or 15. We determined the frequency of false-positives (background noise) for each mutation site by repeatedly sequencing control wild-type human genomic DNA. For an experimental sample to be considered positive, a minimum of three sequencing reads that identified a mutation of interest was required, and the frequency of the mutant reads had to be higher than that of the background.
Results
FGFR3 mutation detection by quantitative PCR
The real-time quantitative PCR assay uses locked nucleic acid oligonucleotides to amplify normal and mutant FGFR3 DNA differentially from tumors. The quantitative PCR assay was designed and optimized to detect mutant FGFR3 DNA when it was $1% of the DNA sample. This assay detected FGFR3 mutant DNA in tumor samples with a sensitivity of 61.7% (Table 1) , comparable with that found in other studies. 5, [10] [11] [12] [13] However, in urine, the sensitivity of this assay was 11.6% (Table 1) 
Single molecule assay for detecting low levels of mutant DnA
We evaluated whether ultradeep amplicon sequencing technology would have greater sensitivity for detecting mutant FGFR3 DNA in urine. Specifically, we utilized a Roche 454 GS Junior sequencer, which uses a large-scale parallel pyrosequencing system capable of sequencing roughly 25 megabases of DNA. FGFR3 exon-specific amplicons containing sequencing adapters at the 5′ and 3′ ends are generated by multiplex real-time PCR. These amplicons are then fixed, in a specific ratio, to DNA-capture beads in a water-in-oil emulsion PCR. After purifying the DNA-containing capture beads, sequencing is carried out in a maximum of approximately 250,000 individual wells of a picotiter plate.
Although the analytical sensitivity of this system is reported to detect specific DNA molecules as low as 1%, in theory, single molecule analysis should permit detection of molecules present at much lower frequencies. Hence, we optimized the existing protocols to improve the analytical sensitivity by about 500-fold (about 0.02%).
The analytical sensitivity of this technology is dependent upon the number of overall sequencing reads per urine sample; the higher the number of reads the greater the likelihood of detecting a rare molecule. To increase the number of reads, we varied the ratio of DNA molecules per bead and also the reaction conditions (Table 2) . We found that a bead ratio of 1:1 and inclusion of a 95°C heating step prior to fixing the DNA to the beads resulted in the highest number sequencing reads (175,991) and the lowest percentage a % Dot + mixed is an aggregate percentage of two measurements and is indicative of the percentage of nonanalyzable wells. % Dot represents sequencing reads with at least successive reads in which a base was not incorporated (possibly due to short templates or failed initial amplification) and "mixed" represents wells with too many nucleotides incorporated due to having more than one template/bead, noise from neighboring wells that interfere with analysis, or a low signal-to-noise ratio;
b ratio of beads to molecules of DnA was 1:1. Abbreviations: CI, confidence interval; NA, not assayed. To determine the analytical sensitivity of single-molecule FGFR3 for mutations in each exon, a plasmid containing a known mutation in exons 7, 10, or 15 was titrated into normal human genomic DNA. We found that mutations in exons 7, 10, and 15 were detected above background when the mutant sequence was 0.02%, 0.02%, and 0.01%, respectively, of the total DNA (Table 3 ). This level of sensitivity is greater than what has been previously reported in cancer assays based on bodily fluids. 9, 14, 15 Because the nine mutations of interest are found in three separate exons, we next tested whether analysis of all three exons could be multiplexed without losing analytical sensitivity. Plasmid DNA containing the exon 7 S249C mutation was added to control genomic DNA to a final concentration of about 0.02% and the amplification was multiplexed using primers for all three exons. Similar to the nonmultiplexed reaction, the multiplexed assay detected exon 7 S249C mutant DNA at 0.02% of the total DNA.
Mutation detection using single-molecule FGFR3 concordant with tissue mutations
Given the increased sensitivity of this assay, the analytical background for each mutant site needed to be established within sequences known not to have a mutation. Therefore, we sequenced control human genomic DNA in multiple experiments and established thresholds for the background frequency of each mutation (Supplemental Table 1 ). A urine sample was considered positive for an FGFR3 mutation if the frequency of the mutant reads was above the normal DNA thresholds and if there were at least three mutant sequencing reads per sequencing experiment.
To determine whether 0.02% sensitivity of the singlemolecule assay in urine samples was sufficient to detect most FGFR3 mutant tumors, we evaluated the presence of FGFR3 mutations in matched tumor and urine samples from 19 bladder cancer patients. Using the quantitative PCR assay to determine the mutation status of the tissue samples, 11 of the 19 tumors were determined to have an FGFR3 mutation (Table 4) . However, in urine, only six of 19 samples were positive for a mutation by quantitative PCR, while 15 of the 19 urine samples were positive by small-molecule FGFR3 (Table 4) . Importantly, of the 11 tumor samples identified as FGFR3 mutant-positive, 10 were also positive in urine by small-molecule FGFR3, indicating a 91% concordance between tissue and urine (Table 4 ). In contrast, only five of these tissue-positive samples were positive by the FGFR3 quantitative PCR assay on the corresponding urine sample (46% concordance).
Small-molecule FGFR3 improves clinical performance in urine
To determine the sensitivity of this new small-molecule FGFR3 assay in a clinical setting, we evaluated urine samples from bladder cancer patients (n = 43) by both smallmolecule FGFR3 and quantitative PCR. Each urine DNA sample was assayed for FGFR3 mutations in exons 7, 10, or 15. The samples were representative of various stages of bladder cancer, with most having early nonmuscle invasive disease (Ta and T1). Results of a representative smallmolecule FGFR3 experiment are shown in Supplemental Table 2 . Of the samples analyzed, the quantitative PCR assay identified five as positive for FGFR3 mutations. The small-molecule FGFR3 assay identified these five patients and also an additional 19 patients as having FGFR3 mutant DNA ( Table 5 ) that were present at ,1% and as low as 0.02% of the total urine DNA. The clinical sensitivity of small-molecule FGFR3 was 55.8%, more representative of the frequency of FGFR3 mutations detected in tumor tissues. In contrast, the quantitative PCR assay had lower analytical sensitivity and resulted in a clinical sensitivity of only 11.6%.
To determine whether increased analytical sensitivity of the small-molecule FGFR3 assay would affect clinical specificity, we analyzed the urine of 24 individuals who had hematuria but who did not have bladder cancer (as determined by cystoscopy). None of the 24 patients were found to have Plasmid DnA containing FGFR3 sequence with a single mutation from one exon was added to human genomic DnA such that it was about 0.02% of the samples. The assay contained only primers for the particular exon being tested; b plasmid DnA containing FGFR3 sequence for mutant exon 7 was added to human genomic DnA such that they represented approximately 0.02% of the sample. The assay was performed with primers for all three exons.
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FGFR3 mutations by the small-molecule FGFR3 assay, resulting in 100% specificity.
Discussion
We used ultradeep sequencing technology to develop a urinebased assay, capable of being multiplexed, for detecting early bladder cancer that has high clinical sensitivity (about 60%) and is 91% concordant with tumor tissue results. Interestingly, the single-molecule assay identified five additional urine DNA samples not identified as carrying FGFR3 mutations by quantitative PCR in tissue, possibly reflecting sampling issues related to tumor heterogeneity 16 or stochastic sampling and suggesting that with such high analytical sensitivity, a noninvasive urine assay may be more representative of the entire urothelium than analysis of tumor or biopsy sections.
Clinical performance is strongly influenced by differences among patients in biomarker levels that may depend upon tumor stage, type, and mutational status. Although the smallmolecule FGFR3 assay has different analytical thresholds for each mutation, we are able to detect each mutation well below a 1% mutant fraction, and this analytical sensitivity is sufficient to deliver clinical performance in urine that is comparable with that in tissue. While our quantitative PCR assay has sufficient analytical sensitivity to detect FGFR3 mutations in tissue where the mutant to normal ratio is high, it fails to produce similar results in urine, where the mutant to normal DNA ratio is much lower. The small-molecule FGFR3 assay overcomes this technical limitation by increasing analytical sensitivity, and detects as little as 0.02% mutant DNA. In the study presented here, while clinical sensitivity in urine for FGFR3 by quantitative PCR was 11.6%, using the small-molecule FGFR3 assay, we detected mutations in 55.8% of the same urine samples ( Table 5 ), demonstrating that superior analytical sensitivity will ultimately improve clinical performance.
Importantly, clinical specificity in a hematuria population was not affected by the increased analytical sensitivity of the small-molecule FGFR3 assay. Although the number of noncancer samples analyzed as part of this study was low, the results obtained with small-molecule FGFR3 are consistent with quantitative PCR analysis of the same samples. In a separate study of approximately 700 patients with hematuria who were undergoing bladder cancer screening, we have shown that the clinical specificity and positive predictive value of FGFR3 was 99.9% and 95.4%, respectively, by quantitative PCR. 17 Given the inherent specificity of DNA mutations for cancer and the results shown here, we would expect the smallmolecule FGFR3 assay to increase sensitivity significantly without losing specificity and retaining a very high positive predictive value. An assay with very high positive predictive value enables identification of patients with cancer but with very few false-positive results. In previous studies, we have also shown that the combination of FGFR3 with other markers in one noninvasive assay also resulted in high sensitivity and a negative predictive value, a result that can be used to identify symptomatic patients that with high likelihood do not have cancer (high negative predictive value). 8 The increased analytical sensitivity of the small-molecule FGFR3 assay would also be expected to increase sensitivity in this setting, increasing the negative predictive value and reducing false negative results.
The use of bodily fluids, such as urine, blood, or saliva, to detect cancer has potentially significant advantages over more invasive diagnostic methods for both the patient and the health care system. Currently, few assays based on bodily [18] [19] [20] DNA-based assays have the advantage of being highly specific. The single molecule FGFR3 assay is unique in that it overcomes the limitation of detecting rare events in body fluids and provides physicians with a means to diagnose bladder cancer with high confidence.
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